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Asians are at higher risk of developing primary angle closure glaucoma 
(PACG), which is a major cause of blindness. There is increasing evidence that the 
iris plays an important role in angle closure disease. However, costly instruments and 
invasive procedures are needed to assess currently known risk factors for angle 
closure. 
We propose that iris surface features such as iris crypts, contraction furrows 
and iris colour may provide novel biomarkers for angle closure, which can be easily 
assessed using slit lamp photographs.  
We obtained standardized slit lamp iris photographs from 600 subjects from 
the Singapore Epidemiology of Eye Diseases (SEED) study. Using these 
photographs, a grading system was developed to assess iris crypts (by number and 
size), furrows (by number and circumferential extent), and colour (higher grade 
denoting darker iris). We showed that this grading system had good to almost perfect 
intra- and intergrader agreements (weighted kappa, Κw = 0.901 to 0.925 and 0.718 to 
0.836, respectively) as well as almost perfect to perfect intra- and intervisit 
repeatability (Κw = 0.976 to 1.00 and 0.903 to 1.00, respectively). 
We then assessed the associated between iris crypt, furrow and colour grades 
with iris thickness. Thicker irises have been shown to correlate with angle closure. 
Using data from 364 eyes, we graded iris photographs and measured iris thickness 
using anterior segment optical coherence tomography (AS-OCT). Our results showed 
that higher crypt grade was independently associated with thinner peripheral iris (β 
[change in iris thickness in mm per grade higher] =-0.007, P=0.029), mid-peripheral 
iris (β=-0.018, P<0.001) and maximum iris thickness (β=-0.012, P<0.001). More 
extensive furrows were associated with thicker peripheral iris (β=0.022, P<0.001). 
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Darker iris was also associated with thicker peripheral iris (β=0.014, P=0.001). These 
associations were independent of age, gender, presence of corneal arcus, angle width, 
and pupil size. 
We further assessed the association between iris surface features and angle 
width. For this purpose, iris photographs from 475 subjects were graded. Angle 
opening distance (AOD), angle recess area (ARA), and trabecular-iris space area 
(TISA) were measured from AS-OCT images. We found that higher crypt grade was 
independently associated with wider AOD (β [change in angle width in mm per grade 
higher] = 0.018, P=0.023), ARA (β=0.022, P=0.049) and TISA (β=0.002, P=0.019). 
Darker iris was associated narrower ARA (β=-0.025, P=0.044) and TISA (β=-0.013, 
P=0.011). Associations were independent of age, gender, pupil size, corneal arcus, 
anterior chamber depth, and iris curvature. 
In conclusion, we developed a system to assess iris surface features from slit 
lamp photographs of Asian eyes. Using this grading system, we found that eyes with 
more iris crypts had thinner iris and wider angle; irises with more extensive furrows 
are thicker peripherally; and darker eyes had thicker peripheral iris and narrower 
angle. These findings may provide another means to assess angle closure risk based 
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1.1. Specific Aims and Hypothesis 
Primary angle closure glaucoma (PACG) is a blinding condition that is more 
common among Asians.1  Recent studies suggest that the iris plays an important role 
in angle closure disease.2-6 Nevertheless, assessment of the currently known iris-
related risk factors for angle closure, such as iris thickness, curvature and cross-
sectional area,3-5 are difficult and involve costly instruments and invasive procedures. 
This study is aimed at exploring the possibility of utilizing easily assessed surface 
features of the iris, such as Fuch’s crypts, contraction furrows, and iris colour, as 
novel biomarkers for angle closure in Asian eyes. 
The specific objectives for this study are: 
1. To develop a grading system for iris surface features in Asian eyes 
A semi-quantitative grading system is needed for characterization and 
scientific evaluation of these surface features. Assessment of iris surface features has 
never been done specifically in Asian eyes. 
Iris surface features will be captured using slit-lamp photography with 
standardized protocol. Iris grading system will be developed based on existing 
grading methods for European eyes,7, 8 which will be modified to best suit Asian eyes. 
The existing European grading methods were developed for genetic studies of iris 
features and developments, and have not been use for assessing angle closure risk. 
Intra- and intervisit repeatability of the photography protocol, as well as intra- and 






2. To examine the association between iris surface features with iris 
thickness 
Recent reports have shown that thicker irises are associated with angle 
closure in Asian population.4, 5 Iris surface features may provide good indication of its 
thickness, and hence provide more easily assessed alternative or additional 
biomarkers for angle closure. Crypts are regions of iris atrophy which therefore likely 
indicate areas where the iris is thin, whereas furrows are sites of frequent folding 
during pupil dilation, which likely indicate areas of thicker iris. Hence we 
hypothesize that an iris with more crypts and less furrows would be thinner. 
3. To determine the association between iris surface features with angle 
width 
Angle width is usually assessed either using the mildly invasive gonioscopy 
technique or using images taken with costly instrument such as anterior segment 
optical coherence tomography (AS-OCT) or ultrasound biomicroscopy (UBM).  We 
hypothesize that iris surface features, could give an indication of angle width, with 
the advantage of being very easily assessed in a non-invasive way using simple, cost-
effective slit-lamp biomicroscope. The iris features will be quantified using the iris 
grading system that we will develop (Specific Aim 1). 
 
1.2. Angle Closure Disease 
Angle closure disease is a vision threatening condition. It is relatively more 
common in Asians.1 Therefore, thorough understanding of the disease in Asians is of 
high importance to prevent irreversible blindness in millions of people. 
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1.2.1. Definition and Classifications of Angle Closure Disease 
The angle formed between the anterior surface of the iris and the posterior 
corneal surface is termed as the anterior chamber angle. The anterior chamber is filled 
with aqueous humor. Produced by the cilliary body in the posterior chamber, the 
aqueous humor flows into the anterior chamber through the pupil, and drains off 
through the trabecular meshwork, which is located at the anterior chamber angle. The 
intraocular pressure (IOP) is maintained by a balance between aqueous production 
and drainage. 
The term angle closure refers to the obstruction of trabecular meshwork 
which causes insufficient drainage of the aqueous humor (Figure 1.1). Accumulation 
of the aqueous humor in the anterior chamber may increase the IOP. Increased IOP in 
turn may damage the optic nerve, resulting in the progressive, irreversible loss in 
visual fields in a disease termed glaucoma. 
Angle closure disease is classified into three categories, based on guidelines by 
International Society of Geographical and Epidemiological Ophthalmology (ISGEO), 
with emphasis on raised IOP and damage to the optic nerve as an indication of 
severity of disease.9 The three categories are: 
 Primary angle closure suspect (PACS) – where the anterior chamber angle is 
occludable, meaning that appositional contact between the iris and posterior 
trabecular meshwork is deemed possible, when assessed by gonioscopy or 
imaging modalities (described in Section 1.2.5.) 
 Primary angle closure (PAC) – occludable angle, with signs of trabecular 
meshwork obstruction, elevated IOP, excessive pigment deposition on 
trabecular meshwork or ischemic sequalae. This may occur in a temporary or 




 Primary angle closure glaucoma (PACG) – PAC with evidence of 
glaucomatous optic neuropathy. 
Acute primary angle closure (APAC) occurs when sudden closure of the angle 
results in acute spike in IOP, usually accompanied by ocular pain, redness, blurring of 
vision and nausea. 
1.2.2. Mechanisms of Angle Closure 
Closure of the anterior chamber angle may be due to appositional contact 
between the iris and the trabecular meshwork, or due to the formation of synechiae. A 
peripheral anterior synechiae (PAS) is formed when the peripheral iris adheres to the 
posterior corneal surface, forming a barrier to the anterior chamber angle. PAS may 
also be formed or extended after episodes of APAC.10, 11 
There are four major ocular factors that may cause crowding of the anterior 
chamber and lead to appositional contact between the iris and the trabecular 
meshwork, namely pupil block, plateau iris configuration, lens block, and forces 
posterior to lens.12 Pupillary block is the most common mechanism for angle closure, 
particularly in Caucasians.13 In this mechanism (Figure 1.2), the aqueous humor is 
unable to flow from the posterior chamber through the pupil into the anterior 
chamber.13 This causes a pressure gradient between the two chambers, pushing the 
iris forward and therefore crowding the angle.14  
Plateau iris configuration is characterized by a flat iris plane and normal 
anterior chamber depth (ACD), with narrowing or closure of the anterior chamber 
angle.15 In these cases the cilliary body is more anteriorly located than normal eyes15 
and the iris root is located nearer to the angle.16 Such anatomical arrangement holds 
the iris in its aberrant place, occluding the angle. Plateau iris is observed in a 
significant proportion of angle closure cases in Asian populations.17, 18 However, a 
recent study has found that there is no difference between the prevalence of plateau 
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iris configuration in Asian and Caucasian eyes, and that not all eyes with plateau iris 
configuration are glaucomatous,19 for example when the plateau configuration only 
occurs in a small section of the iris. 
Lens block occurs when the lens is more anteriorly placed or subluxed, 
causing reduction of the anterior chamber volume and bringing the iris forward 
toward the posterior corneal surface. It is also possible to have a combination of these 
mechanisms acting together and resulting in angle closure. 
1.2.3. Prognosis, Morbidity and Burden 
Typically, eyes presenting with angle closure is first treated with laser 
peripheral iridectomy (LPI). This creates a hollow channel between the anterior and 
posterior chambers through which the aqueous humour can flow, thereby alleviating 
the pressure difference between the two chambers. However, LPI alone is often 
insufficient in lowering or maintaining IOP, and almost all patients eventually need 
additional pharmacological and surgical intervention.20-22 This may be because, even 
if the angle configuration has been corrected, the trabecular meshwork itself may be 
damaged by contact with the iris.23 Sihota et al. (2001) described that upon 
iridotrabecular contact, some pigments get displaced and accumulate in the trabecular 
spaces and within the cells. Such contact may also lead to a noninflammatory 
degeneration of the trabecular meshwork. Endothelial cell losses and reactive repair 
processes within the trabecular meshwork have been observed in eyes with chronic 
angle closure. 23 
Despite medical and surgical intervention, around 20% of angle closure 
patients show glaucomatous progression, in terms of irreversible optic neuropathy 
and/or visual field losses.20 Thomas et al. found that in five years, about 22% of 
PACS patients progressed to PAC,24 and about 28% of PAC patients developed 
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PACG.25 PACG has a higher tendency to cause blindness, as compared to open angle 
glaucoma or secondary glaucoma.26 
APAC leads to rapid progressive blindness.27 Between 20-60% of APAC 
eyes in Asians develop ocular hypertension despite LPI, a much higher proportion 
than Caucasian eyes.28, 29 Around 20% of APAC eyes became blind in a mean interval 
of 6 years after presentation, with half of the blindness caused by glaucoma.28  
Currently 60 million people worldwide suffer from glaucoma, and this 
number is expected to rise to 80 million people by 2020.30 About a third of all 
glaucoma cases are PACG. Based on the projection for 2010, PACG affects 16 
million people worldwide, causing bilateral irreversible blindness in up to 4 million 
people.30 
In Asia, PACG is a major form of glaucoma.1 Asians are at a relatively higher 
risk of having PACG, with Chinese being at three times greater relative risk 
compared with Malays and Indians.31 The prevalence of angle closure among Asians 
40 years and above is 6%,1 compared to 2% in the whites population.32 Notably, 
Singapore has the highest reported incidence rate of APAC in the world, with 12.2 
cases per 10,000 persons per year.31 In Singapore, 11.1 per 100,000 persons aged 30 
years and older required hospital admission due to PACG annually, excluding those 
who receive day treatments.33 Therefore, thorough understanding in angle closure 
disease in the local context is highly important. 
1.2.4. Risk Factors 
Older age,34-36 female gender,34, 36 and East or Southeast Asian ethnicity36 are 
established demographic risk factors for angle closure disease. In addition, many 
ocular risk factors for angle closure have also been established. Shallow anterior 
chamber depth (ACD) has been consistently reported in eyes with angle closure.34-40 
Shorter axial length,34-37, 39, 41 as well as thicker35, 39, 41, 42 and anteriorly positioned 
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lens,36, 39, 42 have all been shown to be associated with angle closure disease. Recently, 
studies utilizing advanced imaging modalities have identified smaller anterior 
chamber width,43 area and volume44 to be additional risk factors for angle closure 
disease. 
There is increasing evidence that the iris provides important biomarkers for 
angle closure disease. Irises that are thicker, have larger cross-sectional area, and 
higher convexity, are associated with higher risk of angle closure.3-5 Furthermore, 
greater iris volume expansion during pupil dilation has also been linked to angle 
closure,2, 6 indicating that the dynamic properties of the iris during pupil dilation may 
play a role in angle closure mechanism. 
Despite the high number of risk factors identified, it is still difficult to predict 
who among patients with angle closure will eventually progress to PACG or have an 
APAC episode.17, 45 Additional novel biomarkers would be needed to improve 
understanding of angle closure disease and the predictive power for PACG and 
APAC. In this study, we aim to examine whether the surface features of the iris could 
provide novel biomarkers for angle closure. 
1.2.5. Angle Closure Detection Methods 
The standard method of visualizing the anterior chamber angle is by 
gonioscopy performed by a trained ophthalmologist. This entails placing a contact 
goniolens on the corneal surface and viewing through a slit lamp biomicroscope with 
high magnification and dim, narrow light beam. The procedure is usually done in a 
dark room to keep the pupil dilated and increase the chance of detecting angle 
closure. Several methods of grading the anterior chamber angle through gonioscopy 
have been developed. In Shaffer grading system, the angle is graded based on the 
angular width of the angle recess.46 In Scheie grading, the angle is graded using the 
extent of the anterior chamber angle structures that can be visualized.47 Nevertheless, 
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such grading methods are subjective and often difficult in narrow or closed angle 
cases. Furthermore, gonioscopy involves contact with the globe. Some pressure may 
be inadvertently exerted onto the cornea, changing the configuration of the anterior 
chamber. The procedure is often uncomfortable for patients, despite the use of local 
anaesthesia.  
With the advancement of technology, imaging modalities have been invented 
to objectively capture cross sectional views of the anterior segment. Images are 
typically acquired in dark conditions to keep the pupil dilated and increase the chance 
of detecting an occludable angle. Accurate anatomical measurements can then be 
obtained from these images with the use of customized computer programs. This has 
allowed the identification of novel risk factors for angle closure, such as the biometric 
parameters of the iris. 
Ultrasound biomicroscopy (UBM) utilizes high frequency sound waves to 
produce high resolution cross-sectional images of the anterior segment.14, 48 However, 
UBM is a time-consuming procedure and involves contact with the globe as well as 
technical expertise to operate.49 More recently, anterior segment optical coherence 
tomography (AS-OCT), which uses the principle of low coherence interferometry, 
became a popular tool for imaging the anterior segment. This rapid, non-contact 
method has been reported to be highly sensitive in detecting eyes with angle 
closure.50 Emerging technology has also permitted rapid imaging of the whole 360o 
cross-sectioning of the iris, as an improvement of the single cross-sections that the 
AS-OCT provides.51 Nonetheless, all imaging instruments are costly and may not be 
readily available in the common ophthalmology clinics.  
As noted in Section 1.2.4., identification of novel risk factors for angle 
closure would provide further understanding of the disease. To have the potential for 
clinical use, these novel risk factors should have the advantages of being easily 
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assessed using currently available technology, in a non-invasive and cost-effective 
way. We propose that iris surface features have these properties and are therefore 
suitable for providing novel biomarkers for angle closure. 
 
1.3. The Iris 
1.3.1. Structure and Functions 
The iris is a highly prominent feature of the eye, owing to its anterior location 
and pigmented nature. Its qualitative and quantitative features are easily assessed as 
the preceding media are transparent. 
Histologically, the iris comprises of five layers, namely the anterior border 
layer, the anterior stromal layer, the main vascular iris stroma, the posterior 
membrane (which contains the sphincter and dilator muscles), and the iris pigment 
epithelium (IPE). The main function of the iris is controlling the amount of light that 
reaches the retina by regulating the pupil size in response to light intensity. The 
radially arranged dilator muscle is controlled by the sympathetic nervous system and 
contracts upon low light intensity, thereby dilating the pupil. The iris sphincter 
muscle is innervated by the parasympathetic nervous system and constricts the pupil 
as it contracts upon high light intensity and during accommodation. The collarette 
divides the iris into two regions, namely the pupillary region and the cilliary region 
(Figure 1.4). 
1.3.2. The Role of Iris in Angle Closure 
Recent studies have identified associations between the geometric 
measurements and dynamic behaviours of the iris and angle closure diseases,2-6 
increasingly highlighting the role of the iris in the pathogenesis of angle closure 
disease. Greater iris curvature, area and thickness were all independently associated 
10 
 
with narrow angles, after adjusting for known confounders such as age, gender, axial 
length, anterior chamber depth, and pupil size.4, 5 Due to limitations of the imaging 
techniques, these studies generally use cross-sectional images of the iris in the 
horizontal (nasal-temporal) meridian as a representative of the whole iris, with the 
assumption that there is no difference in the iris parameters in different cross-
sections. Typically the average value of the nasal and temporal measurements is 
taken. 
An iris that is thicker, especially at the periphery, may cause crowding of the 
angle, particularly during pupil dilation when the iris is retracted to the periphery. The 
association of iris cross-sectional area with angle closure may also be similarly 
explained, although this association seems to be weaker than that with iris thickness 
and curvature.4 The high pressure gradient between the posterior and anterior 
chambers in eyes with angle closure may cause forward bowing of the iris, which 
explains the association between iris curvature and angle closure. However, causal 
relationships between iris parameters and angle closure are still unclear as no 
longitudinal studies have been done.  
Of the three biometric parameters, iris curvature showed the best 
performance in in detecting subjects with narrow angles in eyes which have not 
undergone LPI.4 Nevertheless, the diagnostic performance of these iris parameters 
was poor compared to other screening parameters such as anterior chamber depth and 
axial length.4, 5 This implies that these parameters by themselves cannot be used as a 
screening tool for angle closure. 
In addition to the static iris characteristics discussed above, the dynamic 
responses of the iris upon pupil dilation has also been implicated in angle closure. 
Upon physiologic and pharmacologic pupil dilation, the iris cross-sectional area and 
volume measured by AS-OCT significantly decreased, but the reduction was less 
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marked in angle closure eyes compared to open angle eyes.2, 6, 52 A change in iris 
volume is possible because the iris is a highly permeable tissue, allowing fluid 
movement across the iris tissue into the surrounding aqueous humor. The difference 
in volume change between eyes with angle closure and open angle eyes suggests an 
underlying difference in fluid movement across these irises. It could be speculated 
that angle closure eyes possibly have reduced tissue permeability or elasticity 
compared to open angle eyes. However, conflicting results were shown in a recent 
study, which involved the use of novel swept-source OCT for 360o iris imaging in 
Chinese eyes.53 In this small study, iris volume of angle closure eyes was found to be 
reduced in a similar way to open angle eyes. Further, larger studies using this advance 
three-dimensional iris imaging in different ethnic groups may be necessary to 
elucidate the role of iris volume change in angle closure, particularly across different 
ethnicities. Longitudinal studies may also be warranted to establish causal 
relationship between iris tissue permeability and angle closure, and examine whether 
angle closure itself induces tissue permeability change in the iris. 
Recently, Zheng et al.54 found upon pupil dilation, the irises of angle closure 
eyes retract slower towards the iris root, but moves toward the lens, potentially 
contributing to pupillary block. Such different dynamic behaviours between the irises 
of angle closure and open angle eyes further suggest an underlying difference in 
biomechanical properties of the iris. 
Histologically, in normal eyes, the iris stroma contains a meshwork of 
collagen fibers, composed of a lower amount of type I collagen and high amount of 
type III collagen, the latter of which is more elastic. The iris of acute angle closure 
eyes had much higher density of type I collagen as compared to open angle eyes.55 
Type I collagen forms thick aggregate fibers which increase tension, and is typically 
formed in scar tissue. Acute angle closure is postulated to cause ischemic iris stromal 
damage, promoting the synthesis of type I collagen. In contrast, eyes with chronic 
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angle closure contains markedly less total collagen, reducing the elasticity of the iris 
and contributing to its resistance in iris volume loss and iris stretching during pupil 
dilation. Additionally, it was reported that angle closure eyes showed structural 
damage in the iris stroma.55 However, it may also be possible that an iris with 
intrinsically aberrant collagen content predisposes the eye to angle closure. 
By far, only cross-sectional, observational studies have been done to assess 
the associations between these iris profiles and angle closure, and hence the causal 
relationships remain to be explored. 
1.3.3. Iris Surface Features 
The iris of each eye, even within the same individual, has a unique set of 
minutiae which makes it different from another. In this thesis project, we examine the 
three most prominent components of the Asian iris surface morphology, namely 
Fuch’s crypts, contraction furrows, and iris colour.  
Fuch’s crypts, from here on referred to as crypts, are tear-shaped patches seen 
on the anterior border layer of the iris.7 For the purpose of this study, we define a 
crypt as a radially arranged tear-shaped depression on the cilliary zone of the iris 
surface, having a curved border at the peripheral end and tapering to a point towards 
the pupillary end, with a minimum width and length of 20 and 50 pixels respectively, 
as measured from our standardized photographs (described in Section 2.2.2). Crypts 
are formed during the embryological development either from agenesis, when the iris 
tissue fails to form likely due to the lack of inductive signals, or from atrophy 
coinciding with the resorption of iris tissue forming the pupil.7, 56 We postulate that 
the presence of many large crypts may possibly contribute to higher permeability and 
thinning of the iris. In Williams syndrome, the iris characteristically has a lacey or 
stellate pattern, which may appear similar to an iris with many large crypts (Figure 
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1.5).57, 58 Hence, care should be taken in assessing the crypts of subjects with this 
genetic condition. 
Furrows are sites of frequent folding during pupil dilation, appearing as 
concentric protuberant rings of varying length and distinction, mainly at the outer  
periphery (arbitrarily defined) of the cilliary region. They are formed due to the 
tendency of the iris to fold at the same locations during pupil dilation.7 Larsson and 
Pedersen (2004) reported that more furrows were correlated with fewer crypts, and 
that the correlation was due to genetic covariation. They proposed a few candidate 
genes governing the formation of crypts and furrows, including Mitf, Pax6 and Six3, 
all of which are known to regulate iris development.7 We hypothesize that the 
formation of thick furrows, especially at the iris periphery, may contribute to 
narrowing of the angle, particularly during pupil dilation. 
The perceived colour of the iris is determined by two major components, 
namely the amount of melanin in the iris stroma or the arrangement of melanosomes 
in the stromal and posterior pigment epithelial cells, and the light scattering properties 
of the iris tissue. The irises in Asian population are almost exclusively brown in 
colour. Variation in the melanin content results in different shades of brown irises in 
the Asian population. Darker irises may be related to its denser stromal structure 
affecting light penetration, and higher melanin content which potentially makes the 
melanocytes more bulky. Hence darker iris colour may be expected to be associated 
with thicker, stiffer iris.  
In order to assess the relationship between iris features and angle closure 
disease, there is a need to characterize these surface features using a reliable grading 
system. Presently, studies evaluating iris surface features7, 8, 59 commonly utilize 
European eyes and young subjects. Therefore, grading scales that have been 
described may not be suitable for older Asian eyes, which are at much higher risk for 
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angle closure. Asian eyes differ from European eyes in that they have less but more 
distinct crypts,7, 60 and are darker in colour.8, 59 We aim to develop a novel iris grading 






Figure.1.1. Open and closed anterior chamber angle. The flow of aqueous humour is indicated by 




Figure 1.2. Pupillary block mechanism. Contact between iris and lens prevents flow of aqueous humor 
from the posterior to anterior chamber (A). Accumulation of aqueous humor in the posterior chamber 
increases the pressure in the posterior chamber, pushing the iris to bow forward (B), closing the anterior 
chamber angle (C).  






Figure 1.3. Plateau iris configuration. (Figure taken with modifications from Kolker AE, Hetherington 
J Jr: Becker and Shaffer's Diagnosis and Therapy of the Glaucomas, p 198. St. Louis, CV Mosby, 1970) 
  








Figure 1.4. Iris surface features. Blue arrows indicate crypts. White dotted arrows indicate furrows. 







   
 
  
Figure 1. 5. Williams syndrome iris. The iris in Williams syndrome (A, B) has a stellate pattern which









Asians are at a higher risk of developing primary angle-closure glaucoma 
(PACG).1 Recent studies have identified associations between the structural and 
dynamic features of the iris and angle closure.2-6 This increasingly highlights the role 
of the iris in the pathogenesis of primary angle-closure glaucoma. Greater iris 
thickness, cross-sectional area, and convexity have been found to be associated with 
angle-closure disease.3-5 However, these measurements of geometric iris profiles 
require technical expertise and costly, sophisticated instruments such as anterior 
segment (AS) optical coherence tomography (OCT) or ultrasound biomicroscopy.  
By contrast, the surface features of the iris can be captured and assessed 
readily, requiring only sufficient illumination and magnification achievable by 
standard slit lamp examination. Iris surface features, such as the presence of crypts 
and furrows, may provide useful information regarding iris thickness and other 
geometric parameters. However, to the best of our knowledge, this has never been 
studied. Furthermore, current assessment methods of iris surface features7, 8 were 
developed primarily for the lighter eyes of white persons. Profiling the iris of Asian 
eyes may be more important and clinically useful, considering the high prevalence of 
angle-closure disease in Asians1 and the involvement of iris in angle-closure 
diseases.2-6 
In view of the lack of an iris grading system tailored for Asian eyes, we 
developed an iris grading system to characterize the three major iris surface features: 
crypts, furrows, and colour in Asian eyes from digital photographs. In this study, we 
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aimed to assess the reliability of this new grading system and to determine the 
association between iris surface features and iris thickness measured using AS-OCT. 
2.2. Methods 
2.2.1. Study population 
Subjects of this study were enrolled from the Singapore Malay Eye Study 
(SiMES) during their follow-up examination. The SiMES is a population-based 
cohort study of eye diseases in a Malay population from 40 to 80 years of age in 
Singapore.61 The baseline examination was conducted between 2004 and 2006 and 
follow-up examinations of the SiMES participants have been conducted since January 
2011, six years after the baseline examination. For this study, we prospectively 
recruited 250 consecutive subjects from among SiMES participants who attended the 
follow-up examination between July and December 2012. We excluded eyes with 
previous ocular surgery (including cataract surgery, filtering surgery, and iris laser 
treatment) or that were receiving intraocular pressure-lowering glaucoma medication, 
because these conditions may have changed the iris colour or morphologic features in 
some eyes. Furthermore, eyes with corneal opacity or marked corneal arcus covering 
50% or more of the iris area were excluded because these conditions may affect iris 
grading (see more details below). 
Participants recruited in the current study underwent standardized detailed 
ophthalmic examination according to the SiMES study protocol,61 including slit-lamp 
examination by a trained ophthalmologist and AS OCT imaging. In addition, subjects 
underwent standardized slit-lamp iris photography according to a standardized 
protocol developed specifically for this study purpose. Written informed consent was 
obtained from all participants after explanation of the nature and possible 
consequences of the study. The study adhered to the tenets of the Declaration of 
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Helsinki, and ethics committee approval was obtained from the Singapore Eye 
Research Institute Institutional Review Board. 
2.2.2. Iris Photography and Grading 
Colour photographs of both eyes’ irises were taken using a slit-lamp digital 
camera (DC3; Topcon Corporation, Japan) at 16x magnification without flash. 
Photographs were taken in a dark room (20 lux). The iris was illuminated at an angle 
of 45o temporally, with the light beam kept at full width (>20 mm) and height (14 
mm), and the brightness kept at 30% of the maximum brightness. This optimized 
photography setting was found to best capture the three iris features of interest. 
Photographs were viewed on a 1366 x 768/60-Hz resolution screen, using the 
software ACDSee Photo Manager Version 11.0 (ACD Systems, Washington). 
We constructed a grading scheme for iris crypts, contraction furrows, and iris 
colour. A panel of reference photographs was chosen that best represents the variation 
observed in the study population (Figure 2.1). For grading of crypts, irises were given 
an integer grade between 1 to 5 based on the number and size of crypts present as 
follows: grade 1, no crypts; grade 2, 1 to 3 crypts; grade 3, at least 4 crypts 1 mm or 
less in diameter; grade 4, at least 4 crypts 1 mm or more in diameter; and grade 5, 
numerous crypts 1 mm or more in diameter and covering nearly the entire iris. 
Furrows were graded based on their number and circumferential extent: grade 1, no 
furrow; grade 2, 5 furrows or fewer present extending 180o or less; and grade 3, 5 
furrows or more present extending 180o or more. Iris colour was graded from 1 to 5 
based on the overall colour of the iris, in comparison with the reference photographs. 
If an iris was deemed to fall in between 2 consecutive grades, the higher grade was 
assigned. Because furrows are located mostly peripherally, the grading of furrows 
was challenging in eyes with extensive corneal arcus. Therefore, eyes with corneal 
arcus covering 50% or more of the iris area were excluded from further analysis.  
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To evaluate the reliability of our photography and grading system, we 
assessed intra- and intervisit repeatability as well as intra- and intergrader agreement. 
For intravisit repeatability, two photographs each of 36 eyes were taken within the 
same visit, with five minutes break in between. Repeat photographs were taken three 
days later for assessment of intervisit repeatability. The images were viewed and 
graded in random order, with the grader masked to the subject’s identity. To evaluate 
the intragrader and intergrader agreement, 40 iris photographs were selected 
randomly for the initial grading phase. Grader A and grader B, who were masked to 
subject characteristics and clinical diagnosis, independently graded these photographs 
to assess intergrader agreement. In addition, grader A repeated the measurements 
after three weeks to assess intragrader agreement. 
2.2.3. Anterior Segment Optical Coherence Tomography Imaging 
All participants underwent AS-OCT imaging (Visante, Carl Zeiss Meditec) 
on the same visit that the iris photographs were taken. AS-OCT imaging was done 
under standardized dark conditions (20 lux). An AS single scan protocol was used to 
obtain cross-sectional images of the AS along the horizontal axis (nasal-temporal 
angles at 0o-180o) and vertical axis (superior-inferior angles at 90o-270o). Images 
were processed using customized software, the Zhongshan Angle Assessment 
Program (Guangzhou, China).62 The observer determined the location of the two 
scleral spurs, and the algorithm then automatically measured the following iris 
parameters: iris thickness (iris thickness at 750 mm [IT750] from the scleral spur, iris 
thickness at 2000 mm [IT2000] from the scleral spur, and maximum iris thickness 
[ITM] averaged from the four quarters) and iris area. ITM was the highest value of 
iris thickness along the entire iris. Iris area was measured as the cumulative cross-
sectional area of the full length of the iris, from scleral spur to pupil. In addition, the 
software also was used to measure iris curvature, ACD, pupil size, angle opening 
distance (AOD), and angle recess area (ARA). These AS parameters are illustrated in 
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Figure 2.2. I-Curv was measured by drawing a perpendicular line from the iris 
pigment epithelium at the point of greatest iris convexity to the line extending from 
the most peripheral to the most central points of iris pigment epithelium,3 and is 
widely used as a proxy for measuring iris curvature. AOD was the length of a line 
from the anterior iris to the corneal endothelium perpendicular to a line drawn along 
the trabecular meshwork at 750 mm from the scleral spur.48 ARA was defined as the 
area bordered by the anterior iris surface, corneal endothelium, and a line 
perpendicular to the corneal endothelium drawn to the iris surface from a point at	750 
mm anterior to scleral spur.63 These AS-OCT measurement methods have previously 
been shown to have high reliability. The average of measured values of the four 
quadrants (nasal, temporal, superior, and inferior) was used for the analysis. AS-OCT 
image analysis was performed without the knowledge of the iris grading results. 
2.2.4. Statistical Analysis 
Statistical analysis was performed using MedCalc software version 12.3 
(MedCalc Software, Ostend, Belgium) and SPSS software version 20.0 (SPSS, Inc., 
Chicago, IL). We assessed the reliability of the iris grading scheme using intragrader 
and intergrader agreements between two independent graders, measured by weighted 
K (Kw)  statistics.64 Kw  values of 0.81 to 1.00 indicate almost perfect agreement, 
values of 0.61 to 0.80 indicate good agreement, and values of 0.41 to 0.60 indicate 
moderate agreement. Values of less than 0.40 indicate poor to fair agreement. The 
association between iris surface features (independent variable) and iris thickness 
(dependent variable) was assessed by linear regression models with generalized 
estimating equations to account for intereye correlation and were adjusted for 
potential confounders, such as age, gender, pupil size, corneal arcus, ACD, AOD, 
ARA, and iris curvature. Corneal arcus may make the iris colour appear lighter and 
may block the view of the peripheral iris partially or completely. In addition to 
excluding eyes with extensive corneal arcus as mentioned earlier, because 63.7% of 
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our study population had mild corneal arcus, we included corneal arcus in our 
multiple regression models as a covariate to account for its potential effect on iris 
grading. Pupil size is directly proportional to iris thickness;65 a larger pupil indicates 
more contraction of the iris in response to darkness, which will make the iris thicker. 
2.3. Results 
A total of 250 subjects (500 eyes) were recruited for this study. Among them, 
136 eyes were excluded for the following reasons: pseudophakic eyes (25 eyes), 
history of LPI (2 eyes), inability to complete AS-OCT imaging (6 eyes), poor quality 
AS-OCT images in at least 1 quadrant (63 eyes), unidentifiable scleral spur in at least 
1 quadrant (23 eyes), software demarcation error (13 eyes), and corneal opacity (4 
eyes). Furthermore, 36 eyes were ungradable for furrows because of marked or 
extensive corneal arcus covering 50% or more of the entire iris area. None of the 
subjects were receiving any intraocular pressure-lowering medication or had 
undergone filtering surgery. In total, 364 eyes of 211 subjects were graded for crypts 
and colour and 330 eyes of 194 subjects were graded for furrows and were included 
in the analysis. The demographics and ocular characteristics of the study population 
are shown in Table 2.1. Compared with the eyes excluded, the included eyes were 
from younger patients, but there was no difference in intraocular pressure, cup-to-disc 
ratio, or iris surface features between the two groups (P> 0.05; Table 2.2).  
Table 2.3 shows the intragrader and intergrader agreements for the grading of 
the iris surface features. The intragrader agreements were almost perfect, with Kw 
values64 ranging from 0.901 to 0.925. The intergrader agreements were good to 
almost perfect, with Kw values64 ranging from 0.718 to 0.836 for all 3 iris surface 
features. In addition, the intravisit and intervisit repeatability of our iris photography 
and grading were almost perfect, with Kw values of 0.903 to 1.000. The distribution 
of grades of iris surface features is shown in Table 2.4. There were more eyes with a 
lower grade of iris crypts (69.5% with grade 2) than those with higher grade (9.6% 
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with grade 4). The distribution of iris furrows showed a different pattern; only 17.6% 
of eyes had a grade of 1. 
Table 2.4 and Figure 2.3 show the association between the three iris surface 
features and iris thickness. Increasing crypt grade was associated with thinner IT2000 
(change in thickness in millimetres per 1 grade higher, β = -0.016; P < 0.001) and 
ITM (β = -0.008; P = 0.044), but not IT750 (β = -0.006; P = 0.140). After adjusting 
for age, gender, presence of corneal arcus, AOD, and pupil size, the association 
between increasing crypt grade and thinner IT2000 remained robust (β = -0.018; P < 
0.001), whereas the association between increasing crypt grade and thinner IT750 (β 
=  -0.007; P = 0.029) and ITM (β = -0.012; P < 0.001) were stronger. Increasing 
furrow grade was associated with an increase in the three measures of iris thickness, 
namely IT750 (β = 0.024; P < 0.001), IT2000 (β = 0.016; P = 0.008), and ITM (β = 
0.014; P = 0.002). However, after adjustment for the aforementioned confounders, 
only the association between increasing furrow grade and IT750 (β = 0.022; P < 
0.001) remained statistically significant, whereas its association with IT2000 (β = 
0.008; P = 0.173) and ITM (β = 0.008; P = 0.096) was not statistically significant. Iris 
colour was associated positively with IT750 in both before adjustment (β = 0.015; P = 
0.001) and after adjustment (β = 0.014; P = 0.001) for the aforementioned factors. 
However, iris colour was not significantly associated with IT2000 and ITM, either 
before or after adjustment (all P > 0.05). Additional adjustment for angle status 
parameters (ARA) and iris curvature did not change any of the results (data not 
shown). 
Table 2.4 also shows that iris area had similar associations with iris features. 
Increasing crypt grade was associated with smaller iris area before adjustment 
(change in area in square millimetres per 1 grade higher, β = -0.046; P < 0.001) and 
after adjustment (β =  -0.053; P < 0.001) for age, gender, presence of corneal arcus, 
and pupil size. Higher furrow grade (β = 0.060; P < 0.001) and higher colour grade (β 
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= 0.017; P = 0.001) were associated with larger iris area after adjustment for the 
aforementioned factors. 
2.4. Discussion 
Iris surface features are clinically observable and can be captured easily with 
slit-lamp photography. In this study, we developed a reliable grading system tailored 
for Asian eyes to assess iris surface features such as crypts, furrows, and colour from 
slit-lamp photographs. With this grading system, we examined the associations of 
these surface features with iris thickness. We showed that iris surface features were 
associated significantly with iris thickness and area. Irises with larger and more crypts 
generally were thinner and had smaller area, and irises with more extensive furrows 
and darker colour were thicker peripherally and had larger area.  
To the best of our knowledge, associations between iris surface features and 
iris thickness or area have never been reported. Iris crypts are regions of iris stroma 
hypoplasia or atrophy7 that stereoscopically appear as depressions on the iris surface. 
In addition, crypts typically are located at the midcentral region of the iris; hence, it is 
plausible to expect that the presence of more and larger crypts would be associated 
with thinner midcentral iris (IT2000), with which our data concurred. In addition, we 
observed that the presence of more furrows was associated with a thicker peripheral 
iris. Contraction furrows indicate sites on the iris	that frequently are folded when the 
pupil dilates7 and appear as protuberant lines on the iris periphery. This may explain 
the relationship between iris furrows and thicker iris thickness. Furthermore, we 
found that darker irises were thicker. This may be because darker irises have higher 
melanocytes and melanin content that makes the iris stroma thicker.7, 66 
Our results suggest that iris surface features assessed from slit-lamp 
photographs may provide useful hints regarding iris thickness. This may provide 
valuable information in assessing the risk of angle closure and the benefit of 
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prophylactic laser peripheral iridotomy. For example, an iris with no crypt (grade 1 in 
crypt) is expected to have thicker midcentral iris (IT2000) by 0.068 mm compared 
with an iris with numerous large crypts (grade 5); this difference in iris thickness is 
greater than the difference previously reported between angle closure and normal 
eyes (0.009 to 0.064 mm thicker in angle-closure eyes).4, 5 Similarly, a dark iris with 
grade 5 in colour is expected to have thicker peripheral iris (IT750) by 0.052 mm 
compared with an iris with grade 1 colour, whereas it was reported that angle-closure 
eyes have 0.023 to 0.048 mm thicker IT750 compared with normal eyes.4, 5 It has also 
been reported that a thinner iris is likely to benefit more from prophylactic laser 
peripheral iridotomy, in terms of greater iris flattening and greater widening of the 
angle.67 Further studies would be needed to establish if iris surface features could 
predict directly the development or progression of angle closure. If such an 
association exists, eyes with dark irises, no crypt, and many extensive furrows may 
warrant further preventive clinical interventions, in particular eyes with known risk 
factors, such as shallower ACD and shorter axial length.  
Slit-lamp examination of iris surface features involves a global assessment of 
the entire iris, giving an indication of overall iris thickness, which is advantageous 
over the use of the cross-sectional images obtained by AS-OCT. Although AS-OCT 
gives a more precise measurement of iris thickness, it allows only point 
measurements of iris thickness from cross-sectional images; thus, it may not represent 
the entire iris profile. Current emerging technology such as swept-source OCT allows 
cross-sectional imaging of the entire 360o view of the iris, which may permit more 
accurate measurements of iris thickness.51 However, such instruments are costly and 
require technical expertise to operate, as opposed to the slit-lamp biomicroscope.  
Our study has a few limitations. The grading of iris surface features was 
subjective in nature, and therefore was subject to grading variability and 
measurement bias. Nevertheless, the intergrading and intragrading agreement was 
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high for all three features in our study. In addition, the graders were masked to the 
subject’s clinical characteristics while performing iris grading. A more objective, 
computer-assisted method of quantifying iris surface features may help to achieve 
even more precise and reliable measurement of these features. Furthermore, because 
of the limitation in the measuring methods, only peripheral iris thickness was 
measured from AS OCT images in this study. It should also be noted that since the 
illumination brightness from each slit lamp model/manufacturer may be different, our 
grading system, particularly for iris colour grading, may not be applicable to iris 
photographs taken using different slit lamp camera models. 
In conclusion, we developed a system to assess iris surface features from slit-
lamp photographs. We showed that irises with more crypts are thinner, and irises with 
more extensive furrows and darker colour are thicker peripherally. These findings 






Figure 2.1. Reference photographs used in grading iris surface features. Crypts (A1-5): Grade 1 was assigned when no crypts were present on the iris (A1), Grade 2 was assigned if there 
were 1-3 crypts on the entire iris (A2), an iris with at least 4 small crypts was assigned Grade 3 (A3), Grade 4 was assigned when there were at least 4 large crypts (A4), and Grade 5 was 
assigned if there were numerous large crypts covering nearly the entire iris (A5). Contraction furrows (B1-3): Grade 1 was assigned when no furrow was present on the iris (B1), Grade 2 was 
assigned if there were few short furrows at the periphery of the iris (B2), Grade 3 was assigned if there were numerous and/or extensive furrows (B3). Reference photographs used in grading iris 






Figure 2.2. Anterior chamber parameters. ACD, anterior chamber depth; AOD, angle opening 
distance; ARA, angle recess area; I-Curv, iris curvature; IT750, iris thickness at 750 µm from scleral 








 Figure 2.3. Distribution of iris thickness (IT750, IT2000 and ITM) in each grade of iris surface 
features (crypt, furrow and colour). Data and p values shown are after adjustment for age, gender, 
presence of corneal arcus, pupil size, and angle opening distance. IT750, iris thickness at 750 µm from 




Table 2.1. Clinical and anterior chamber characteristics of study participants (n = 364 eyes) 
ACD, anterior chamber depth; AOD, angle opening distance; ARA, angle recess area; I-Curv, iris 
curvature; IOP, intraocular pressure; IT750, iris thickness at 750 µm from scleral spur; IT2000, iris 
thickness at 2000 µm from scleral spur; ITM, maximum iris thickness; SD, standard deviation. 
  
Characteristics Mean (SD) or n (%) 
Age, years 62.86 (9.13) 
Gender, Male 146 (40.1) 
Corneal arcus, present 232 (63.7) 
IT750, mm 0.437 (0.061) 
IT2000, mm 0.446 (0.064) 
ITM, mm 0.589 (0.058) 
IOP, mmHg 14.30 (3.09) 
Vertical cup-disc ratio 0.41 (0.14) 
Pupil size, mm 4.07 (0.76) 
ACD, mm 2.78 (0.61) 
AOD, mm 0.30 (0.14) 
ARA, mm2 0.27 (0.16) 
I-Curv, mm 0.27 (0.12) 
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Table 2.2. Comparison of clinical and anterior chamber characteristics of included and excluded eyes 
SD, standard deviation. 




Characteristics Included (n=364) 
Excluded 
(n=136) p value* 
Age in years, mean (SD) 62.86 (9.13) 65.82 (9.47) 0.002 
Gender, male (%) 146 (40.1) 69 (50.7) 0.010 
Intraocular pressure in mmHg, mean (SD) 14.30 (3.09) 14.61 (3.65) 0.428 
Vertical cup-disc ratio, mean (SD) 0.41 (0.14) 0.40 (0.14) 0.262 
Crypt, median (mode) 2 (1) 2 (1) 0.283 
Furrow, median (mode) 2 (2) 2 (2) 0.449 
Colour, median (mode) 3 (3) 3 (4) 0.092 
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Table 2.3. Reliability assessment for the iris grading scheme 
Iris surface features Intragrader Kw (95% CI) Intergrader Kw (95% CI) 
Crypt 0.919 (0.845, 0.993) 0.775 (0.674, 0.876) 
Furrow 0.901 (0.811, 0.992) 0.836 (0.717, 0.995) 
Colour 0.925 (0.855, 0.996) 0.718 (0.627, 0.809) 
 
 Intravisit Kw (95% CI) Intervisit Kw (95% CI) 
Crypt 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 
Furrow 1.000 (1.000, 1.000) 1.000 (1.000, 1.000) 
Colour 0.976 (0.929, 1.000) 0.903 (0.801, 1.000) 




Table 2.4. Iris thickness and area for each grade of iris surface features 
            Unadjusted Adjusted* 
  Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 β p for trend β p for trend 
Crypt (n=364) 
 
No. of eyes (%) 126 (34.6) 127 (34.9) 76 (20.9) 27 (7.4) 8 (2.2) 
IT750 0.442 (0.06) 0.441 (0.06) 0.422 (0.07) 0.431 (0.06) 0.447 (0.05) -0.006 0.140 -0.007 0.029 
IT2000 0.463 (0.06) 0.450 (0.06) 0.426 (0.07) 0.410 (0.06) 0.428 (0.06) -0.016 <0.001 -0.018 <0.001 
ITM 0.601 (0.06) 0.590 (0.05) 0.573 (0.05) 0.579 (0.09) 0.576 (0.05) -0.008 0.044 -0.012 <0.001 
I-Area 1.610 (0.19) 1.572 (0.20) 1.483 (0.19) 1.458 (0.17) 1.434 (0.18) -0.046 <0.001 -0.053 <0.001 
Furrow (n=330) 
 
No. of eyes (%) 58 (17.6) 140 (42.4) 132 (36.3) - - 
IT750 0.403 (0.06) 0.434 (0.06) 0.454 (0.06) - - 0.024 <0.001 0.022 <0.001 
IT2000 0.418 (0.07) 0.450 (0.06) 0.456 (0.06) - - 0.016 0.008 0.009 0.089 
ITM 0.567 (0.05) 0.589 (0.06) 0.599 (0.05) - - 0.014 0.002 0.008 0.096 




(Table 2.4 continued) 
            Unadjusted Adjusted* 
  Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 β p for trend β p for trend 
Colour (n=364) 
 
No. of eyes (%) 7 (1.9) 49 (13.5) 147 (40.4) 139 (38.2) 22 (6.0) 
IT750 0.448 (0.06) 0.426 (0.06) 0.422 (0.06) 0.449 (0.06) 0.481 (0.04) 0.015 0.001 0.014 0.001 
IT2000 0.420 (0.06) 0.438 (0.06) 0.442 (0.06) 0.450 (0.07) 0.474 (0.06) 0.008 0.097 0.004 0.350 
ITM 0.575 (0.05) 0.583 (0.08) 0.581 (0.06) 0.598 (0.05) 0.605 (0.05) 0.006 0.182 0.008 0.070 
I-Area 1.609 (018) 1.549 (0.21) 1.535 (0.21) 1.573 (0.19) 1.580 (0.18) 0.001 0.932 0.017 0.177 
Data are mean (standard deviation) in mm (for iris thickness) or mm2 (for I-Area) 
I-Area, iris area; IT750, iris thickness at 750 µm from scleral spur; IT2000, iris thickness at 2000 µm from scleral spur; ITM, maximum iris thickness. 
β, change in iris thickness (in mm) or area (in mm2) for one grade higher in iris surface features. 




3. RELATIONSHIP BETWEEN IRIS FEATURES AND 
ANGLE WIDTH 
3.1. Objectives 
The iris plays an important role in angle closure disease. Many features of the 
iris, including its geometric measurements and dynamic features, have been linked to 
angle closure,2, 4-6, 52, 54, 55 Irises that are thicker, have larger cross-sectional area, and 
higher convexity, are associated with higher risk of angle closure.3-5 Furthermore, 
greater iris volume expansion upon pupil dilation has also been linked to angle 
closure.6 However, the assessment of some of these iris parameters (e.g., thickness, 
cross-sectional area), requires technical expertise and costly instruments such as 
anterior segment optical coherence tomography (AS-OCT) or ultrasound 
biomicroscopy.  
In contrast, the surface of the iris has distinctive clinical features, such as 
crypts, furrows and colour which can be more readily captured and assessed by 
standard slit lamp examination or slit lamp photography.68 These features may be 
novel markers of angle closure risk. The current assessment methods of iris surface 
features7, 8 were developed primarily for lighter Caucasian eyes. However, since 
Asians are at a higher risk of developing primary angle closure glaucoma (PACG),69 
measuring and profiling the iris of Asian eyes is more important and clinically useful. 
We have recently developed standardized methods to measure iris crypts, 
furrows and colour (Section 2.2.2), and show these features are correlated with iris 
thickness.68 In this study, we determined the association between surface features of 




3.2.1. Study population 
Subjects of this study were enrolled form the Singapore Epidemiology of Eye 
Diseases (SEED) study. SEED is a population-based cohort study of eye diseases in 
Chinese, Malay and Indian populations aged 40 to 80 years in Singapore.61, 70, 71 The 
baseline examination was conducted between 2004 and 2011 and a follow-up 
examination has been conducted since January, 2011, 6 years after the baseline 
examination. For this study, we prospectively recruited 600 consecutive subjects from 
SEED participants who attended the follow-up examination between August 2011 
and April 2013. We excluded eyes with previous ocular surgery (including cataract 
surgery and filtering surgery) or with iris laser treatment, or under intraocular 
pressure (IOP)-lowering medication, as these conditions may have changed the iris 
colour or morphology in some eyes. Furthermore, eyes with corneal opacity or 
marked corneal arcus covering ≥50% of the iris area were excluded as these condition 
may affect iris grading.  
Participants recruited in the current study underwent standardized detailed 
ophthalmic examination according to the study protocol,61, 70 including slit lamp 
examination by trained ophthalmologist and AS-OCT imaging. In addition, 
standardized slit lamp iris photography was done according to a standardized protocol 
developed specifically for this study purpose. Written informed consent was obtained 
from all participants after explanation of the nature and possible consequences of the 
study. The study adhered to the tenets of the Declaration of Helsinki, and ethics 
committee approval was obtained from the Singapore Eye Research Institute 
Institutional Review Board. 
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3.2.2. Iris Photography and Grading 
Iris photographs were obtained using the standardized protocol described in 
Section 2.2.2. Briefly, coloured photographs were taken in a dark room (20 lux) using 
a slit lamp digital camera (DC3, Topcon Corporation, Japan) at 16x magnification 
with the slit lamp light beam at full width (>20 mm) and height (14 mm), at 30% of 
the maximum brightness, angled at 45o temporally. For grading purpose, photographs 
were viewed on a 1366 x 768/60 Hz resolution screen, using the viewing software 
ACDSee Photo Manager Version 11.0 (ACD Systems, Washington, USA). 
We developed a grading scheme for iris crypts, contraction furrows and iris 
colour as described previously (Section 2.2.2).68 In brief, for grading of crypts, irises 
were given an integer grade between 1 to 5 based on the number and size of crypts 
present as follows: Grade 1 (no crypts); Grade 2 (1 to 3 crypts); Grade 3 (at least 4 
crypts ≤ 1 mm in diameter); Grade 4 (at least 4 crypts ≥ 1 mm in diameter); Grade 5 
(numerous crypts ≥ 1 mm in diameter, covering nearly the entire iris). Furrows were 
graded based on their number and circumferential extent: Grade 1 (no furrow), Grade 
2 (≤ 5 furrows present extending ≤ 180o) and Grade 3 (≥ 5 furrows present extending 
≥ 180o). Iris colour was graded from 1 to 5 based on the overall colour of the iris, in 
comparison to the reference photographs. If an iris was deemed to fall in between two 
consecutive grades, the higher grade was assigned. As furrows are mostly 
peripherally located, the grading of furrows was challenging in eyes with extensive 
corneal arcus. Therefore, eyes with corneal arcus covering ≥50% of the iris area were 
excluded from further analysis. We have previously reported that this grading system 
has good to almost perfect intra- and intergrader agreements (0.901 to 0.925 and 
0.718 to 0.836, respectively) as well as almost perfect to perfect intra- and intervisit 
repeatability (0.976 to 1.00 and 0.903 to 1.00, respectively; Table 2.3).68 
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3.2.3. Anterior Segment Optical Coherence Tomography Imaging 
AS-OCT imaging (Visante, Carl Zeiss Meditec) was performed on all 
participants under standardised dark conditions (20 lux). We used the Anterior 
Segment Single-Scan protocol to obtain cross-sectional images of the anterior 
segment along the horizontal axis (nasal-temporal angles at 0o-180o) and vertical axis 
(superior-inferior angles at 90o-270o). Images were processed using the customised 
software, the Zhongshan Angle Assessment Program (Guangzhou, China).62 
Following the user input on the location of the two scleral spurs, the algorithm 
automatically measures the following angle parameters (Figure 3.1): angle opening 
distance (AOD250, AOD500 and AOD750), angle recess area (ARA750), and 
trabecular-iris space area (TISA500 and TISA750). AOD250, AOD500 and AOD750 
were the lengths of a line from the anterior iris to the corneal endothelium 
perpendicular to a line drawn along the trabecular meshwork at 250, 500 and 750 mm 
from the scleral spur respectively.48 ARA750 was defined as the area bordered by the 
anterior iris surface, corneal endothelium and a line perpendicular to the corneal 
endothelium drawn to the iris surface from a point at 750 mm anterior to scleral 
spur.63 TISA500 and TISA750 were the areas modified by not including the area 
posterior to a line drawn from the scleral spur to the anterior iris perpendicular to the 
plane of the inner scleral wall. AOD750 and TISA750 have been shown to have the 
highest diagnostic performance for angle closure among the three AOD and two 
TISA measures, respectively.72 In addition, the software was also used to measure iris 
thickness, I-Curv and pupil size. Iris thickness was measured at 2000 mm from the 
scleral spur.  I-Curv, a proxy for iris curvature, was measured by drawing a 
perpendicular line from the iris pigment epithelium at the point of greatest iris 
convexity, to the line extending from the most peripheral to the most central points of 
iris pigment epithelium.3 The average of measured values of the four quadrants 
(nasal, temporal, superior and inferior) was used for the analysis. AS-OCT image 
analysis was done without the knowledge of the iris grading results. 
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3.2.4. Statistical Analysis 
Statistical analysis was performed using SPSS Version 20.0 (SPSS, Inc., 
Chicago, IL, USA). The association between iris surface features (independent 
variable) and angle width (dependent variable) was assessed by linear regression 
models, adjusted for potential confounders, such as age, gender, pupil size, corneal 
arcus, ACD, and I-Curv. Corneal arcus might make the iris colour appear lighter, and 
might partially or completely block the view of the peripheral iris. In addition to 
excluding eyes with extensive corneal arcus as mentioned earlier, because 59.1% of 
our study populations had mild corneal arcus, we included corneal arcus in our 
multiple regression models as a covariate to account for its potential effect on iris 
grading. Data from the both eyes were collected but only the right eye was used in 
order to eliminate inter-eye correlation issue in analysis. 
3.3. Results 
A total of 600 subjects were recruited for this study. Among them, 136 eyes 
were excluded due to the following reasons: pseudophakic eyes (25 eyes), history of 
laser peripheral iridotomy (2 eyes), inability to complete AS-OCT imaging (6 eyes), 
poor quality AS-OCT images in at least one quadrant (63 eyes), unidentifiable scleral 
spur in at least one quadrant (23 eyes), software demarcation error (13 eyes), and 
corneal opacity (4 eyes). Furthermore, 41 eyes were ungradable for furrows due to 
marked or extensive corneal arcus covering ≥50% of the entire iris area. None of the 
subjects were under any IOP-lowering medication or had undergone filtering surgery. 
Table 3.1 shows that compared to the excluded subjects, the included subjects were 
younger and had higher proportion of females, but there was no difference in IOP, 
cup-to-disc ratio and iris surface features between the two groups. In total, 464 eyes 
were graded for crypts and colour; and 423 eyes were graded for furrows and 
included in the analysis.  
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The mean age of the 464 subjects was 57.45 +/- 8.61 years, and of them 
53.9% were women. Other demographics and ocular characteristics of the study 
population are shown in Table 3.2, while the distribution of grades of iris surface 
features in the study population is shown in Figure 3.2. 
Table 3.3 presents the association between the three iris surface features and 
three different measures of angle width, namely AOD750, ARA750 and TISA750. 
Increasing crypt grade was significantly associated with wider AOD750 (change in 
width in mm per one grade higher, β = 0.021, P = 0.007) and TISA750 (β = 0.012, P 
= 0.010; Model 1). After adjusting for age, gender, presence of corneal arcus, 
ethnicity, and pupil size (Model 2), the association between increasing crypt grade 
and wider AOD750 (β = 0.018, P = 0.023) and TISA750 (β = 0.011, P = 0.019) 
remained significant, and the association between increasing crypt grade and larger 
ARA750 (β = 0.022, P = 0.049) became marginally significant. Increasing furrow 
grade did not show significant association with AOD750, ARA750 and TISA750 
before or after adjustment of the aforementioned potential confounders (all P > 0.05). 
Iris colour was negatively associated with all the angle width measures; darker colour 
was associated with narrower AOD750 (β = -0.017, P = 0.048), ARA750 (β = -0.035, 
P = 0.005) and TISA750 (β = -0.015, P = 0.003). After adjustment for age, gender, 
ethnicity, corneal arcus and pupil size, darker colour was still significantly associated 
with smaller ARA750 (β = -0.025, P = 0.044) and TISA750 (β = -0.013, P = 0.011). 
Figure 3.3 further illustrates the trend observed between iris surface features and 
TISA750, independent of age, gender, ethnicity, pupil size and corneal arcus, 
showing the positive association of TISA750 with crypt grade, and the negative 
association with colour grade. 
Table 3.4 shows the relationship between iris surface features and three 
additional measures of angle width, namely AOD250, AOD500 and TISA500. 
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Similar trends were observed in that higher crypt grade and lower colour grade were 
associated with wider angle, while furrow grade was not associated with angle width. 
3.4. Discussion 
The surface features of the iris are easy to observe clinically and can be 
captured with slit lamp photography. Previously we have developed a grading system 
tailored for Asian eyes to quantify iris surface features and have shown that more iris 
crypts were associated with thinner iris thickness while irises with more furrows 
tended to be thicker.68 In this study, we further examined the associations of these 
surface features with angle width, and showed that iris crypt and colour were 
significantly associated with angle width. We showed that eyes with larger and more 
iris crypts had wider angle, and eyes with darker irises had narrower angle.  
Iris crypts are regions of iris stroma hypoplasia or atrophy.7 On slit lamp 
examination, they appear as wide pits on the iris surface, often revealing less dense 
stroma at the base of the pits. Our results showed that higher crypt grade was 
associated with wider angle. We speculated that the presence of more and wider 
crypts may indicate a more porous iris stroma, which permits better flow of aqueous 
humor across the iris. Although such flow of aqueous humor across the iris tissue is 
thought to be minimal compared to the flow through the pupil,73 it may help maintain 
a low pressure gradient between the posterior chamber and anterior chamber, and in 
turn reduce the likelihood of the iris bowing forward and narrowing the anterior 
chamber angle, especially in cases with pupillary block.  
We also found that eyes with darker irises had narrower angle. This might be 
because darker irises have higher melanocytes and melanin content7, 66 which makes 
the iris stroma thicker and thus less permeable to aqueous humor. However, further 
adjustment for iris curvature had no effect on the results (data not shown). This 
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indicates that there may be another mechanism underlying the association between 
iris crypt or colour and angle width that is independent of iris bowing.  
We did not observe any statistically significant association between iris 
furrows and angle width. Furrows indicate sites on the iris which are frequently 
folded when the pupil dilates.7 They appear as protuberant lines on the iris periphery. 
It could be expected that such protrusions would contribute to the narrowing of the 
angle; however this association was not observed. The presence of corneal arcus may 
have hindered an accurate assessment of the peripherally located furrows. In addition, 
the exclusion of 41 eyes where the furrows were ungradable may have reduced our 
power to detect the association between furrows and angle width.  
Slit lamp examination of iris surface features is potentially advantageous over 
the use of AS-OCT. Slit lamp photography is a simpler method to assess the entire 
iris globally, permitting the assessment of overall angle width, which is beneficial 
over the use of the cross sectional images taken by AS-OCT. Although AS-OCT 
gives a more direct and precise measurement of angle width, it only allows point 
measurements of angle width from several cross sectional images, thus may not 
represent the whole angle width. Current emerging technology such as swept-source 
OCT allows cross-sectional imaging of the whole 360o view of the anterior chamber, 
which may allow more accurate measurement of angle width.51 However, such 
instruments are costly and require technical expertise to operate, as opposed to the slit 
lamp biomicroscope.  
There are limitations to our study. First, the subjective grading of iris surface 
features may have introduced grading variability and measurement bias. 
Nevertheless, the inter- and intra-grading agreement was high for all three features in 
our study.68 In addition, the graders were masked from subject’s clinical 
characteristics while performing iris grading. A more objective, automated method of 
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quantifying iris surface features could be developed to achieve even more precise and 
reliable measurement of these features. Second, our results may not be directly 
applied to populations of European descent, whose eyes have much higher crypt 
frequency7, 60 and lighter colour than Asian eyes.8, 59 
In conclusion, iris surface features, particularly iris crypts and colour, can 
provide information on angle width status. We showed that irises with more crypts 
and lighter colour are associated with wider angle. Further studies involving angle 
closure patients would be warranted to directly assess whether these iris surface 
features could provide additional predictive power for the risk of angle closure, above 
and beyond the known risk factors such as shallow anterior chamber depth, and 





Figure 3.1 Angle measurements. AOD750, angle opening distance at 750 µm (A); TISA750, 
trabecular-iris space area at 750 µm (B); ARA, angle recess area (C). AOD and TISA are also measured 












P trend = 0.019 P trend = 0.863 P trend = 0.011 
Figure 3.3. Relationship between iris features and trabecular-iris space area (TISA750). Increasing crypt 
grade and decreasing colour grade were associated with wider TISA750, while furrow grade did not 
show any trend with TISA750. Data shown are after adjustment for age, gender, ethnicity, pupil size and 
corneal arcus. 
P trend = 0.019    .  
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Table 3.1. Comparison of clinical and anterior chamber characteristics of included and excluded eyes 
SD, standard deviation. 










Age in years, mean (SD) 57.45 (8.61) 65.82 (9.47) 0.002 
Gender, female (%) 256 (53.9) 69 (50.7) 0.010 
Intraocular pressure in mmHg, mean (SD) 14.30 (3.09) 14.61 (3.65) 0.428 
Vertical cup-disc ratio, mean (SD) 0.41 (0.13) 0.40 (0.14) 0.262 
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Table 3.2. Demographic and clinical characteristics of study participants (n = 464) 
AOD250, angle opening distance at 250 µm from scleral spur; AOD500, angle opening distance at 500 
µm from scleral spur; AOD750, angle opening distance at 750 µm from scleral spur; ARA750, angle 
recess area at 750 µm from scleral spur; I-Curv, iris curvature; TISA750, trabecular-iris space area at 
750 µm from scleral spur. 
SD, standard deviation. 
  
Characteristics Mean (SD) or n (%) 
Age, years 57.45 (8.61) 
Gender, Female 256 (53.9) 
Ethnicity  
Malay 234 (50.4) 
Indian 163 (35.1) 
Chinese 67 (14.4) 
Corneal arcus, present 274 (59.1) 
Pupil size, mm 4.01 (0.75) 
Cup-disc ratio 0.41 (0.13) 
Iris thickness, mm 0.44 (0.10) 
AOD750, mm 0.40 (0.18) 
ARA750, mm2 0.31 (0.19) 
TISA750, mm2 0.23 (0.10) 
I-Curv, mm 0.25 (0.13) 
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Table 3.3. Changes in angle width (in mm or mm2) per grade increase in iris surface features 
 Model 1* Model 2** 
  β (95% CI) p for 
trend 
β (95% CI) p for 
trend 
Crypt (n=464) 
AOD750, mm 0.021 (0.006, 0.037) 0.007 0.018 (0.002, 0.033) 0.023 
ARA750, mm2 0.021 (-0.001, 0.044) 0.066 0.022 (0.001, 0.045) 0.049 
TISA750, mm2 0.012 (0.003, 0.021) 0.010 0.011 (0.002, 0.020) 0.019 
Furrow (n=423) 
AOD750, mm 0.016 (-0.007, 0.039) 0.177 0.004 (-0.019, 0.028) 0.737 
ARA750, mm2 -0.005 (-0.039, 0.029) 0.778 -0.007 (-0.042, 0.028) 0.689 
TISA750, mm2 0.004 (-0.010, 0.018) 0.564 -0.001 (-0.015, 0.013) 0.863 
Colour (n=464) 
AOD750, mm -0.017 (-0.034, -0.001) 0.048 -0.015 (-0.032, 0.002) 0.079 
ARA750, mm2 -0.035 (-0.058, -0.011) 0.005 -0.025 (-0.049, -0.001) 0.044 
TISA750, mm2 -0.015 (-0.025, -0.005) 0.003 -0.013 (-0.022, -0.003) 0.011 
AOD750, angle opening distance at 750 µm from scleral spur; ARA750, angle recess area at 750 µm 
from scleral spur; TISA750, trabecular-iris space area at 750 µm from scleral spur.  
β, change in angle opening distance (in mm) or area (in mm2) for one grade higher in iris surface 
features; CI, confidence interval. 
*Model 1: unadjusted models 




Table 3.4. Changes in additional measures of angle width (angle opening distances at 250 µm and 500 
µm, and trabecular-iris space area at 500 µm) per grade increase in iris surface features 
 Model 1* Model 2** 
  β (95% CI) p for 
trend 
β (95% CI) p for 
trend 
Crypt (n=464) 
AOD250 0.011 (-0.001, 0.021) 0.055 0.010 (-0.001, 0.021) 0.065 
AOD500 0.012 (-0.001, 0.024) 0.078 0.010 (-0.003, 0.022) 0.130 
TISA500 0.012 (0.003, 0.021) 0.010 0.011 (0.002, 0.020) 0.019 
Furrow (n=423) 
AOD250 0.003 (-0.001, 0.024) 0.078 0.010 (-0.018, 0.016) 0.130 
AOD500 0.010 (-0.008, 0.029) 0.276 0.002 (-0.017, 0.022) 0.805 
TISA500 0.016 (-0.007, 0.039) 0.177 0.004 (-0.019, 0.028) 0.737 
Colour (n=464) 
AOD250 -0.018 (-0.029, 0.024) 0.078 -0.015 (-0.027, -0.003) 0.011 
AOD500 -0.017 (-0.030, -0.003) 0.016 -0.015 (-0.028, -0.001) 0.037 
TISA500 -0.017 (-0.034, -0.001) 0.048 -0.015 (-0.032, 0.002) 0.079 
AOD250, angle opening distance at 250 µm from scleral spur; AOD500, angle opening distance at 500 
µm from scleral spur; TISA250, trabecular-iris space area at 250 µm from scleral spur.  
β, change in angle opening distance (in mm) or area (in mm2) for one grade higher in iris surface 
features; CI, confidence interval. 
*Model 1: unadjusted models 




4.1. Summary of Findings 
We found that iris surface features can be easily and reliably captured with 
standardized slit lamp photography. The grading scheme we developed is tailored for 
Asian eyes and showed high intra- and intergrader agreement. We showed that iris 
surface features provide an indication of iris thickness and angle width. Eyes with 
more iris crypts had thinner iris and wider angle; irises with more extensive furrows 
are thicker peripherally; and darker eyes had thicker peripheral iris and narrower 
angle.  
4.2. Clinical Significance 
Our results suggest that by simply viewing the surface features of the iris 
under the slit lamp biomicroscope, clinicians are able to get an idea of the thickness 
of the iris as well as the width of the anterior chamber angle. This could serve as an 
initial screening method for angle closure. Among Asian eyes, those with no crypts, 
many distinct extended furrows and extremely dark in colour may warrant further 
investigation such as gonioscopy or anterior chamber imaging, especially in eyes with 
shallow anterior chamber and short axial length. A risk predictor index could be 
develop to assess the risk of angle closure based on the combination of the multiple 
iris features and other known risk factors. 
The iris surface features had some advantages over other angle closure 
biomarkers. Assessment of the iris surface features is simple and only requires 
sufficient illumination and magnification, achievable by using a standard slit lamp 
biomicroscope. This is in contrast with other anatomical biomarkers for angle closure, 
such as gonioscopic features and iris thickness, which require contact procedures, 
technical expertise and costly instruments for assessments. 
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Further studies would be needed to establish whether iris surface features 
could predict directly the development or progression of angle closure. Nevertheless, 
our results provide additional information of angle closure mechanism and potentially 
aid in risk assessment of PACG or APAC. It suggests that the morphology of the iris 
surface plays a role in the mechanism of angle closure. The absence of iris tissue at 
the crypts makes the iris thinner and possibly increases the permeability of the iris, 
eventually aiding in maintaining an open angle configuration. In contrast, the 
presence of furrows indicates thicker iris, possibly with higher rigidity, which may 
prevent sufficient volume loss during pupil dilation, further contributing to angle 
closure. In normal eyes, the iris loses around 7 mm3 of volume during pupil dilation.6 
Similarly, a darker iris colour may indicate denser iris structure, possibly due to the 
higher melanin content, which may also contribute to higher rigidity and lower 
permeability. Further studies would be needed to investigate the relationship between 
iris features and biomechanical properties of the iris. 
4.3. Strengths and Limitations 
The strengths of this study include the large sample size and the population 
based nature of the study. We customized the iris grading system that best describes 
the variations observed in our population of Singaporean Malay eyes. Iris 
photography protocol and grading method were strictly standardized, resulting in a 
reliable characterization of the iris surface features. 
The study also has some limitations. Iris grading was manually and 
subjectively done and therefore prone to measurement bias. Nevertheless, the graders 
we masked to the results of the AS-OCT imaging, and we achieved high intra- and 
intergrader reliability. Our study subjects were relatively old and a majority had 
corneal arcus which may occlude the visualization of the peripheral iris. This made 
the assessment of furrows especially difficult. We therefore had to simplify the 
grading of furrows into three grades, which lowered our statistical power. 
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Furthermore, the majority of our subjects had normal open angle, hence the variation 
in iris thickness and angle width were not too large. Nevertheless, we achieved 
enough power to detect the changes in iris thickness and angle width associated with 
variation in iris surface features (mainly crypts and colour). We used AS-OCT to 
measure iris thickness and angle width in this study. AS-OCT only provides cross-
sectional images of the anterior segment, which may not be representative of the 
whole iris or angle features. 
4.4. Future Directions 
Moving forward, an automated or computer assisted quantification method of 
iris surface features could be developed, in order to minimize bias and improve the 
reliability of iris grading. Such customized program may permit the simultaneous 
assessment of multiple iris surface features in one summarized parameter. 
Computerized methods would also make it possible to assess new iris surface 
parameters such as the overall smoothness of the iris surface, or to break down 
complex features into smaller components, such as assessing the iris colour in terms 
of its RGB, hue and saturation values. This would add both depth and breadth in the 
investigation of whether iris surface features, assessed from slit lamp photographs, 
are related to angle closure disease. 
A population-based study is underway to establish a normative database of 
iris characteristics of the Asian population, specifically among Singaporeans. 
Following this, a case-control study involving different severity groups of angle 
closure (PACS, PAC, PACG and APAC), and a prospective cohort study would be 
needed to directly assess how well iris surface features could predict angle closure 
and its progression to glaucoma, or the development of acute attack. Should they be 
found to have good predictive power for PACG or APAC, these easily assessed 
features may help guide the management of angle closure eyes. For example, if the 
absence of iris crypt is found to be predictive of APAC among angle closure eyes, 
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then a prompt prophylactic LPI treatment may be warranted among angle closure 
eyes with grade 1 crypt, especially in the presence of other known risk factors such as 
shallow anterior chamber depth; but a less aggressive management may suffice for 
those with grade 5 crypts if it is found to indicate a very low risk of PACG or APAC. 
Future studies can also be done to evaluate how the iris features affect the 
biomechanical properties of the iris, such as its elasticity and permeability, which 
would determine the dynamic changes of the iris in response to pupil dilation. It may 
be reasonable to postulate that lower crypt grade may be related to lower permeability 
as it gives a less dense surface appearance, whereas more furrows may potentially 
indicate higher stiffness as the iris tends to fold in the same positions which results in 
furrow formation. Lower permeability and higher stiffness in turn may potentially 
result in a less dynamic iris and a smaller volume change during pupil dilation. In 
vivo measurements of iris elasticity and permeability may be challenging with current 
technology. However, recent imaging advancement has made it possible to record and 
measure the changes in the whole iris volume as the pupil changes size. This has led 
to studies investigating iris volume changes in angle closure and open angle eyes, 
although conflicting results have been reported.2, 6, 52 It would therefore be interesting 
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